/fa 



PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 

Intenudonal Bureau 





(51) International Patent Classification 6 : 

H03H 9A45, 9/02 



Al 



(11) International Publication Number: WO 97/10646 

(43) International Publication Date: 20 March 1997 (20.03.97) 



(21) International Application Number: 



PCT/US95/ 16528 



(22) International Filing Date: 18 December I99S (18.12.95) 



(30) Priority Data: 
08/529.238 



15 September 1995 (15.09.95) US 



(71) Applicant: SAWTEK. INC. (US/US]; 1818 S. US Highway 

441. P.O. Box 609501. Apopka, FL 32703 (US). 

(72) Inventor: SOLIE. Leland. P.; 2092 Cranberry Isles Way, 

Apopka. FL 32721 (US). 

(74) Agent: NAPOLITANO, Carl. M.; Allen, Dyer. Doppelt. 
Franjola & Milbrath, PA., Suite 1401, 255 S. Orange 
Avenue, P.O. Box 379 1. Orlando, FL 32802-3791 (US). 



(81) Designated States: AM, AT, AU, BB, BG, BR, BY, CA, CH. 
CN, CZ, DE, DK, EE, ES, FI, GB, GE, HU, IS, JP. KE, KG. 
KP. KR. K2, LK, LR. LT, LU, LV, MD, MG. MN, MW. 
MX. NO. NZ, PL PT, RO, RU. SD. SE. SG. SI, SK, TJ. 
TM. IT. UA, UG, UZ. VN, AREPO patent (KE, LS, MW, 
SD. SZ, UG). European patent (AT. BE, CH. DE, DK. ES. 
FR. GB, GR, IE, IT, LU. MC, NL. PT, SE), OAPI patent 
(BF, BJ, CF, CG, CI. CM. GA. GN. ML, MR. NE, SN. TD. 
TG). 



Published 

With international search report 



(54) Title: WEIGHTED TAPERED SPUDT SAW DEVICE 




(57) Abstract 



A tapered surface acoustic wave SPUDT transducer useful in providing an improved insertion loss and triple transit suppression 
signal for a wideband SAW filter comprises a pair of interdigitized opposing electrodes each having a plurality of interdigitized fingers. 
Within each acoustic wavelength the widths of the electrodes and/or the gaps between electrodes are not all equal. This is a consequence 
of satisfying the conventional SPUDT reflecuon requirements. The interdigitized electrode fingers of opposing electrodes in the transducer 
have a tapered alignment wherein a period of electrode finger portions along a longitudinal axis of acoustic wave propagation decreases 
along a transverse length of the fingers. Means are provided for applying an electrical load and/or source across the pair of electrode bus 
ban of each transducer. 
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WO 97/10646 PCT/US95/16528 

WEIGHTED TAP Eft ED SPUD T SAW DEVICE 
BACKGROUND OP INVENTION 

1. Pield of Invention 

The invention relates generally to a surface acoustic 
wave filter and more particularly to a broadband unidirectional 
SAW device having a tapered transducer for achieving improved 
wide band triple transit suppression and reduced insertion loss. 

2 . Background Art 

The use of surface acoustic wave (SAW) devices as 
filters or resonators is well known for having the advantages 
of high Q, low series resistance, small size and good frequency 
temperature stability when compared to other frequency control 
methods such as LC circuits, coaxial delay lines, or metal cavity 
resonators. As described in U.S. Patent 4,600,905 to 
Fredricksen, typically, a SAW device contains a substrate of 
piezoelectric material such as quartz, lithium niobate, or zinc 
oxide . Input and output transducers are formed upon the 
substrate. The transducers convert input electrical signals to 
surface acoustic waves propagating upon the surface of the 
substrate and then reconvert the acoustic energy, to an electric 
output signal. The input and output transducers are configured 
as interdigital electrode fingers which extend from pairs of 
transducer pads. Interdigital transducers may be formed by 
depositing and patterning a thin film of electrically conductive 
material upon the piezoelectric substrate. 

Alternating electrical potential coupled to the input 
interdigital transducer induces mechanical stresses in the 
substrate . The resulting strains propagate away from the input 
transducer along the surface of the substrate in the form of 
surface acoustic waves. These propagating surface waves arrive 
at the output interdigital transducer where they are converted 

to electrical signals. 

The basic tapered transducer has been reported in the 
literature and in particular in an article by P.M. Naraine and 
C.K. Campbell titled "Wideband Linear Phase SAW Filters Using 
Apodized Slanted Finger Transducers" , for Proceedings of IEEE 
Ultrasonics Symposium, Oct. '83, pp 113-116. Naraine et al . 
discusses wide band linear phase SAW filters using apodized 
slanted or tapered finger transducers. In earlier publications, 
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tapered finger transducer geometries have all the transducer 
fingers positioned along lines which emanate from a single focal 
point. A performance improvement was shown in U.S. Patent Nos. 
4,635,008 and 4,08,542 to Solie, the inventor of the present 
invention, by using hyperbolically tapered electrodes. 

In Solie '008 a dispersive SAW filter comprises 
hyperbolically tapered input and output transducers which are 
aligned such that normals from the transducers to a dispersive 
reflective array are aligned at substantially the same angle. 
The dispersive reflective array includes a multiplicity of 
parallel conductive strips or grooves formed in the device 
substrate on which the transducer rests. Constant spaciry7*>. 
between the transducer fingers causes a relatively narrow band" 
of frequencies to be generated by the input transducer and 
received by the output transducer. In Solie *542, seeking a 
reduction in the resistive loss associated with the long narrow 
electrodes in wide acoustic aperture devices, a hyperbolically 
tapered transducer is provided with fingers having configuration 
paths which are subdivided into patterns that segment the 
acoustic beam width. Further disclosed is a means of 
transforming the impedance and thus reducing the insertion loss 
by a division of the SAW transducer structure into a plurality 
of subtransducers . 

The use of tapered finger geometries on both input and 
output transducers permits the transduction of a wide range <^^ : . 
surface acoustic wavelengths from input to output transducer, and 
thus provides an electrical filter with a wide frequency 
passband. Typically, high frequency components are transduced 
in the regions of the transducer where the finger- to- finger 
distance is the least. Low frequency components are transduced 
in the regions of the transducer where the finger- to- finger 
distance is the greatest. At any given frequency, a surface wave 
may be transmitted or received in a limited portion of the total 
acoustic aperture and the width of this active portion is called 
the "effective aperture" of the SAW beam. 

The Naraine article states that for filters employing 
tapered finger transducer geometries , where the electrodes or 
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fingers are straight line segments emanating from a single point, 
there is an inherent negative slope of the amplitude response 
with increasing frequency, as large as 5 dB for a 50% bandwidth 
case reported in the IEEE article. Naraine's article describes 
5 a method of flattening the amplitude response curve of a tapered 
finger filter by utilizing finger apodization. Apodization is 
a technique in which the length of individual transducer fingers 
is selectively adjusted so that the overlap between fingers of 
opposite polarities changes along the path traveled by the 

10 surface acoustic wave. The effect of the Naraine apodization 
technique is to achieve a flat passband by reducing the coupling 
of low frequency components , thus reducing the amplitude of the 
low frequency portion of the amplitude response curve. As 
addressed by Fredricksen '90S, the overall performance of a 

15 tapered finger SAW filter would be enhanced if the amplitude of 
the high frequency portion of the response curve were increased 
rather than lowering the low frequency portion. The result would 
be an amplitude response curve with the desired flat plateau and 
a greater overall amplitude. 

20 A SAW Single Phase Unidirectional Transducer (SPUDT) 

device comprises a SAW filter whose transducer electrode or 
finger geometries are such that the generated mechanical - 
electrical reflections tend to cancel out the regenerated surface 
waves of the SAW device. Single phase unidirectional 

25 transducers (SPUDT) , also referred to as SPUDT transducers, have 
been used for decreasing triple transit ripple and insertion 
loss. By virtue of their construction, SPUDT based single SAW 
filters are inherently narrow-band devices with filter fractional 
bandwidths normally in the range less than 5%. Some have been 

30 designed for 10% bandwidth operation with some trade-off in 
insertion loss as described in an article by C.B. Saw and C.K. 
Campbell, titled "Improved Design of SPUDT For SAW Filters" in 
IEEE Proceedings at 1987 Ultrasonics Symposium, Denver Colorado, 
November 1987. 

35 U.S. Patent No. 4,162,465 to Hunsinger et al, a SAW 

device with reflection suppression employs selected transducer 
geometries, such as unbalanced dual-finger geometries, to 
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generate mechanical electrical loaded reflections (MEL) which 
tended to cancel reflected waves inherently generated by the 
electrical interaction between the transducer and the load. Each 
of the cornb electrodes of the input and output transducers has 
a plurality of interdigitated electrode fingers. The .width of 
at least some of the adjacent fingers and finger pairs of the 
electrodes are different and are selected as a function of the 
impedance of the load and/or the source to produce the mechanical 
electrical loaded reflections generated at the transducer in the 
substrate. As pointed out in the Hunsinger '465 patent, an 
unfortunate limitation of conventional SAW transducers is the 
fact that when they are made to operate with relatively lop 



losses, there is an inherent reflection emitted from ther 
transducer referred to as a regeneration wave. This regeneration 
wave is a consequence of the extraction of acoustic surface wave 
energy and conversion of this energy to electrical signals. It 
can . not be directly eliminated since it is inherent in the 
operation of the transducer. The reflection causes spurious 
signals which are detrimental to most signal processing 
operations of the SAW device. When a wave is reflected from a 
receiver transducer, it travels back toward the transducer from 
which it was originally transmitted and is again reflected from 
that transducer back toward the receiver transducer. The result 
is triple transit reflections due to the three traversals by the 
twice reflected signal, a highly undesirable result. Hunsingsf 



'465 discloses a transducer having unbalanced dual finger 
geometries for creating the mechanical electrical reflections to 
cancel the unwanted inherent regeneration wave reflections. 



literature to refer to an electrode structure having two 
electrodes or fingers per wavelength as w solid electrodes." In 
like manner, an electrode structure with four electrodes per 
wavelength, where a first and second electrode are connected and 
a third and fourth electrode are connected, is referred to as 
having "split electrodes" or a split electrode pair because each 
solid electrode has been split into two electrodes. With split 
electrodes, it is assumed that all electrodes have the same 





It is well known terminology in the art and SAW 
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width. If one electrode of a split pair is wider than the other, 
the electrode configurations will be referred to herein as 
"unbalanced split electrodes". Split electrodes are 

bidirectional. Unbalanced split electrodes may be unidirectional 
(e.g. SPUDT) if the SPUDT reflective conditions are satisfied. 

In considering the typical single phase* unidirectional 
transducer, SPUDT techniques for decreasing triple- transit 
ripple and for decreasing insertion loss as described in 
Hunsinger '465, reflecting electrodes are interlaced with the 
transduction electrodes of a transducer so that within the 
transducer, both the transduction (generating or detecting a SAW) 
and reflection of the SAW are controlled both in amplitude and 
phase within each wavelength of the transducer. A transducer 
that can launch or detect a SAW will in general always reflect 
a portion of the wave due to the interaction of the SAW 
transducer with the electrical load. This reflection, which is 
load dependent, is called the regeneration reflection. There is 
an additional reflection from a transducer which is independent 
of the load and thus determined by the array of electrodes, which 
is called electrode reflection. This can be electrical in nature 
(due to the fact that electrodes will locally short the potential 
at the surface) and mechanical in nature (due to the mechanical 
discontinuities introduced by the finite dimensions (width and 
height) , mass density and stiffness of electrode material) . 
There may even be etched grooves integrated into the electrode 
structure which are included as part of the mechanical 
reflections. As described in Hunsinger '465, the operation of 
a SPUDT requires that the regeneration reflections be canceled 
in magnitude and phase by the mechanical reflections over the 
band width of operation of the transducer. It has been shown 
that for a conventional non-tapered transducer, this can be 
accomplished if the reflection-weighting function is equal to the 
auto-convolution of the impulse response of the transduction 
function, time compressed by a factor of one-half, at least in 
the weak to moderately high coupling case. In narrow bandwidth 
transducers (band widths of a few percent or less) , the length 
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of the transducer will be in the tens or hundreds of wavelength 
or more; and therefore, the desired reflection function (auto 
convolution of the transduction function) will be of comparable 
length (keeping in mind the length compression by one -half ) . 
5 This means that there will be tens of wavelengths of reflection 
within the transducer to achieve the desired magnitude of 
reflection. 

For wider bandwidths of SPUDT, this process breaks down 
because the active length of the reflection (as defined by the 

10 compressed auto convolution function) becomes shorter so that the 
desired reflectivity per wavelength becomes unattainable. 
Reflectivities per electrode in the order of 1% or so are readily 
achievable,, but at 5% -10* it becomes impossible or extremely 
impractical due to bulk mode scattering loss and fabrication 

15 processing constraints. 

SUMMARY OF INVENTION 

A tapered surface acoustic wave SPUDT transducer useful 
in providing an improved insertion loss and triple transit 
suppression signal for a wideband SAW filter comprises a pair of 

20 interdigitized opposing electrodes each having a plurality of 
interdigitized fingers. Within each acoustic wavelength the 
widths of the electrodes and/or the gaps between electrodes are 
not all equal. This is a consequence of satisfying the 
conventional SPUDT reflection requirements. The interdigitized 

25 electrode fingers of opposing electrodes in the transducer hav^Q. 
a tapered alignment wherein a period of electrode finger portions 
along a longitudinal axis of acoustic wave propagation decreases 
along a transverse length of the fingers. Means are provided for 
applying an electrical load and/or source across the pair of 

3 0 electrode bus bars of each transducer. 

In one embodiment, the transducer has spacing between 
the electrode fingers along an axis of surface acoustic wave 
propagation which provides two pairs of unbalanced split 
electrodes within a spacing length equal to a center frequency 

35 acoustic wave wavelength for a device having the transducer, 
herein referred to as a "four electrode per wavelength" 
transducer. In an alternate embodiment, the transducer has three 
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electrodes per acoustic wavelength wherein the electrode widths 
and gaps between electrodes vary in such a manner so as to 
satisfy the SPUDT transduction and reflection conditions. This 
embodiment is herein referred to as a "three electrode per 
5 wavelength" transducer. 

It is an object of the present invention to provide a 
transducer for use in wide band SAW devices which provides an 
improved performance over conventional wide band filters as 
measured by reduced insertion loss and enhanced triple transit 

10 suppression signal. It is' another object of the present 
invention to provide a means for implementing coarse and fine 
weighting control of the transducer for which a weighting 
function for the transduction in a longitudinal direction (i.e. 
direction of SAW propagation) is substantially the same for any 

15 channel of the acoustic beam. It is yet another object to 
provide a simple method for controlling reflection strength for 
each wavelength so that both the reflection and the transduction 
can be specified independently within each wavelength of the 
transducer. 

20 BRIEF DESCRIPTION OF DRAWINGS 

A preferred embodiment of the invention as well as 
alternate embodiments are described by way of example with 
reference to the accompanying drawings in which: 

FIG. 1 is a plan view of a surface acoustic wave device 
25 employing an embodiment of a tapered SPUDT transducer, wherein 
transducer fingers follow a generally linear pattern in 
accordance with the present invention; 

FIG. 1A is a plan view of a surface acoustic wave 
device in an alternate embodiment of FIG. l, wherein transducer 
30 fingers follow a generally hyperbolic curve pattern; 

FIG. 2 is a frequency response for a conventional non- 
tapered SAW SPUDT filter having a 3 dB bandwidth of approximately 
14.5 MHZ; 

FIG. 3 is a time response for the conventional filter 

35 of FIG. 2; 

FIG. 4 is a frequency response for a tapered SPUDT SAW 
device of the present invention having a bandwidth and center 
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f requency similar to the conventional device having the responses 

of FIGS. 2 and 3; 

FIG. 5 is a time response for the tapered SPUDT SAW 

device of FIG, 4; 

FIG. 6 is a partial plan view of a typical tapered 

transducer SAW device; 

FIG. 6A is an enlarged plan view of a portion of a non- 
tapered SPUDT having a geometry useful in the tapered transducer 
of FIG. 6; 

FIG. 7 is a partial* plan view of a tapered transducer 
illustrating tapered finger elements, by way of example, 
following radial lines emanating from a common focal point; ^ 

FIG. 8 is a partial plan view of a non- tapered 
transducer of an alternate SPUDT embodiment of the" present 
invention illustrating a three electrode per wavelength geometry; 

FIG. 9 is a plan view of a transducer illustrating a 
tapered three electrode per wavelength transducer geometry of an 
embodiment of the present invention; and 

FIG. 10 is a plan view of a transducer illustrating a 
tapered unbalanced split electrode geometry of an alternate 
embodiment of the present invention. 

FIG. 11 is a partial plan view of a transducer of the 
present invention illustrating a subtransducer structure for 
series-block weighting a transducer; 

FIG. 12 is a schematic diagram illustrating a(C 
equivalent electrical circuit for the subtransducer geometry of 
FIG. 11; 

FIG. 13 is a partial plan view of a transducer having 
subtransducers implemented to provide series -block weighting in 
combination with live width weighting; 

FIG. 14 is a schematic diagram illustrating an 
equivalent electrical circuit for the transducer structure of 
FIG. 13; 

FIG. 15 is a plot illustrating a tap weight function 
approximation to a Hamming function; and 
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FIG. 16 is a plot illustrating a weighting function 
resulting from the combination of series -block weighting and 
line-width weighting. 

DETAIL DESCRIPTION OF PREF ERRED EMBODIMENT 

A preferred embodiment of the present invention, a 
tapered SPUDT SAW filter device 10 is illustrated with reference 
to FIGS. 1 and 1A. The device 10 comprises input and output 
transducers 12, 14 with opposing bus bars 16, 18 each having a 
plurality of interdigitized, continuously tapered electrode 
fingers 20 configured in finger pairs 22 with each pair 22 having 
a finger of narrow width 24 adjacent to a finger with a larger 
or wider width 26, by way of example in the embodiment 
illustrated. The finger widths 24, 26 are selected as a function 
of the impedance of a load 28 or source 3 0 so as to produce 
mechanical electrical loaded reflections in a substrate 32 upon 
which the transducers 12, 14 are placed. 

Providing an unbalanced split electrode or 
fingergeometry is known in narrow bandwidth SAW filters to 
successfully cancel reflected waves inherently generated by SAW 
devices. Such reflected waves lead to triple transit 
interference. Tapering the electrode fingers in wide bandwidth 
SAW devices is known to permit the transduction of a wide range 
of surface acoustic wavelengths. The combination as described 
herein has the unexpected result of significantly reducing 
insertion loss and enhancing triple transit suppression, both 
very much desirable in wide bandwidth SAW filter devices. 

By way of example, and with reference to the frequency 
and time response curves of FIGS. 2 - 5, a comparison between a 
conventional non-tapered 70 MHZ SPUDT filter with a 3 dB 
bandwidth of approximately 14.5 MHZ and a tapered SPUDT of the 
present invention having similar bandwidth and center frequency 
is made. As illustrated with reference to FIG. 2, an insertion 
loss 30 of the conventional filter is estimated at approximately 
14 dB as measured from an amplitude frequency response 33. The 
triple transit spurious signal 34 is suppressed approximately 34 
dB below the main signal 35 as illustrated with reference to FIG. 
3 for an amplitude time response 36. The tapered SPUDT filter 
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with similar bandwidth and center frequency exhibits an insertion 
loss 38 of about 12 dB and a triple transit suppression signal 
40 greater than 42 dB as illustrated in the amplitude frequency 
response 42 and amplitude time response 44 respectively in FIGS. 
5 4 and 5. A 2 dB improvement in the insertion loss (38 v. 30) 
along with greater than 8 dB improvement in the triple transit 
signal (40 v. 34) clearly demonstrates superior performance of 
the tapered SPUDT filter of the present invention over that of 
the conventional SPUDT filter. 

10 To further detail the features of the present 

invention, consider a typical tapered transducer SAW filter 
device 50 illustrated with reference to FIG. 6. Tapered^ 
transducers are typically used in pairs, input transducer 54 ana^' 
output transducer 56 in linear phase filter applications, each 

15 transducer having opposing bus bars 52, 53. Surface wave 
propagation, again with reference to FIG. 6, is from left to 
right as shown by the arrow 58. The transverse dimension 60 is 
here defined as the X direction, and it can be seen that the 
period of the electrodes or fingers 62 (which defines the 

20 wavelength) becomes smaller as X increases. Consequently, the 
frequency increases with X. As illustrated with reference to FIG 
7, and as described earlier with reference to Fredricksen '905, 
transducer tapered fingers 62 in one embodiment have the fingers 
62 tapered along lines 64 which emanate from a single focal point 

25 66 as is the embodiment of FIG. 1. In an alternate embodiment^£"\ 
the tapered fingers 20 follow hyperbolically curved lines 65, as 
illustrated with reference to FIG. 1A. The high frequencies are 
detected in the upper portion 6 8 of the saw aperture, and the 
lower frequencies in the lower portion 70 of the SAW aperture. 

3 0 As illustrated by way of example in FIG. 6, there are two 
electrodes per wavelength which, as earlier described, are 
typically solid electrodes. A variety of electrode structures 
may be used. A major constraint imposed on this structure is 
that, except for taper, every horizontal spacial interval or 

35 channel 72 of the transducers 52 should be essentially the same 
as all other slices 52. In other words, all frequencies within 
the range of the device, though shifted up or down as the 
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transducer 52 operates, will be excited (or detected) by the same 

electrode structure . 

In the device 50 illustrated, apodization is not 
appropriate as a means of tap weighting. Other researchers have 
5 chosen to use apodization, with the result that the time response 
at different frequencies within the pass band is not the same. 

For modeling purposes, arid for filter synthesis 
purposes, we have chosen to impose the constraint that all slices 
72 horizontal through a transducer must be the same except for 
10 a scale factor which results from the taper. Each horizontal 
slice or channel 72 as illustrated in FIG. 6 has a width AX which 
is sufficiently narrow so that the taper can be ignored. By way 
of example, and as illustrated with reference to FIG. €A, the 
spacing 63 between fingers 62 and the width 65 of the fingers 62 
15 are dimensioned as fractional portions of a center frequency 
wavelength X as described in the Hunsinger '465 along any AX. 
In the analysis of the present invention, the taper can be 
ignored for that AX or channel 72. As described in U.S. Patent 
No. 5,075,652 to Sugai, when the tapered electrode fingers 62 are 
20 divided into several channels parallel to the propagation 
direction 58, they can be considered as normal (i.e., non- 
tapered) type fingers. Thus the frequency response from the 
narrow slice 72 is that of a pair of unweighted transducers with 
13 dB side lobes each, or 26 dB for the pair if they are 
25 identical. The response of any other channel 72 of width AX is 
the same but shifted up or down in frequency, depending upon its 
position in X along the transverse dimension 60. The response 
of the entire filter 50 is the summation of all slices 72 that 
make up the aperture transverse dimension 60. 
3 0 in the frequency domain, the response of a single 

channel is smeared over the frequency range from the lowest to 
the highest frequencies in the tapered electrodes. This produces 
a generally flat bandpass. If it is not sufficiently flat, it 
can be easily corrected to become flat by varying the rate of 
35 taper in the X direction. That can be understood by noting that, 
at any frequency (F 1 ) , if the rate of taper (the slope of the 
lines 64 is reduced, with the result that the effective aperture 
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at frequency F 1 is wider; and so the signal strength at F i is 
increased. Therefore, by selectively controlling the rate of 
taper in the transducer 52, one can control the pass-band shape. 
In other words , one can vary the pass -band shape, adding a dip 
or hump or any desired pass-band amplitude compensation that is 
relatively slowly varying. The side lobes in the total response 
also result from smearing the side lobes of the narrow channel 
72 or AX. By way of example, if the side lobes of a narrow 
channel are 26 dB, the resulting tapered filter will have side 
lobes which are of the order of 26 dB. 

The present invention combines SPUDT technology of 
narrow bandpass devices as earlier described with that of tapere<^/> 
wide band transducer technology. The problems associated with~"~ 
SAW devices requiring the use of wide bandwidths is resolved by 
the present invention which comprises SPUDT transducer geometries 
having tapered electrodes. At each frequency, the active portion 
of the transducer may be tens or hundreds of wavelengths long. 
Therefore, there is sufficient length in which to integrate the 
reflecting electrode structures with the transduction process and 
achieve the desired or necessary reflectivity. The bandwidth is 
achieved by tapering; the electrodes over the desired frequency 
range. For a single channel 72 of the tapered filter 10, the 
bandwidth is generally a few percent or less and the time impulse 
response generally has a simple response, like Hamming, in which 
there are no time phase side lobes. The auto convolution of thi{(^ 
simple response is easy to implement within a narrow channel of 
the tapered transducer, and likewise for all other channels as 
it is continuously tapered. The time impulse response of the 
complete tapered transducer will be quite different as earlier 
described with reference to FIGS. 2-5. It will have many time 
side lobes (the actual number depends upon the filter shape 
factor) . The main lobe which accounts for most of the energy is 
only a fraction of the length of a single narrow channel. Since 
the reflection is canceled on a slice-by-slice, channel-by- 
channel or frequency-by- frequency basis, there is no need in a 
tapered transducer to confine the length of the reflectivity to 
such a narrow time response. Thus, the SPUDT conditions, 
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typically limited to narrow bandwidth conditions, can be met over 
any relative bandwidth with easily achievable reflectivities per 
tap . 

In addition to varying finger or electrode dimensions 
5 and combinations as described in the Hunsinger '465 patent and 
in the tapered SPUDT of the embodiment herein described, 
controlled tap weight strength and reflection strength is 
implemented on a tap by tap and finger-by- finger basis. In an 
alternate embodiment of the present invention, the tap weight 

10 strength and reflection strength are controlled as illustrated, 
by way of example, with reference to FIG. 8 comprising a three- 
electrode per wavelength structure 80. The upper bus bar 82 is 
assumed to be hot in the following discussion and comprises an 
electrode or finger 84 having a width w 2 . Fingers 86, 88 adjacent 

15 finger 84 are grounded and respectively are of width w x and w 3 
The gaps 90, 92, 94 following each electrode 86, 84, 88 are g 12 , 
g 23 , and g 3l . If w 2 = w x « g 12 = X/8 and w 3 = A/4 and g 23 - g 31 = 
3/16 X, we have the structure disclosed by C.S. Hartmann et al. 
in 1989 IEEE Ultrasonics Symposium, titled "Overview of Design 

20 Challenges For Single Phase Unidirectional SAW Filters" and 
discussed in 1990 IEEE Ultrasonics Symposium paper titled 
"Matching of Single Phase Unidirectional SAW Transducers and a 
Demonstration Using Low Loss EWC/SPUDT Filter," and known as the 
Electrode Width Compensation (EWC) SPUDT . The reflectivity and 

25 transduction strength of the structure 80 is to be varied. By 
way of example, the EWC has a fixed tap weight strength and a 
fixed relative reflectivity of 2 . 0 (where the reflectivity from 
a single edge of an electrode is 1.0). The generalized three 
electrode or fingers 84, 86, 88 per wavelength structure 80 shall 

30 be called 3E/X in these discussions. The transduction strength 
T is determined coarsely by setting the center finger 84 width 
w 2 . The approximate tap weight is then given by: 

T = 1 - (1- sin 2tt w 2 / X ) C 
where C - M. When w 2 / X = 1/4, T - 1 and as w 2 / X decreases 

35 to 1/16, T = .69. The remaining two-electrodes 86, 88 or more 
precisely, four-electrode edge positions 96, 98, 100, 102 are 
varied to define a specified or use specific (required) 
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ref lectivity . The phase of the reflection of a tap is referenced 
to the center of transduction, or roughly to the center of the 
center electrode or second finger 84. Typically, the phase of 
the center finger 84 or second electrode is not changed, once 
selected, because its location or specifically width w 2 is 
specified by the transduction requirement. The combined 
reflection from all three electrodes or fingers 84, 86/ 88 must 
satisfy the conditions that the component of the reflectivity in 
phase with the regeneration (centered roughly at electrode #2 84) 
must be of opposite sign or polarity as the regeneration 
reflection, and the component of the reflectivity in phase 
quadrature to the regeneration must be zero. The de sir er^p : 
magnitude is specified by the filter design. These two" 
conditions, plus the condition that no electrode or finger width 
or gap shall be smaller than some specified limit, are used to 
determine the edge of electrodes #1 86 and #3 88, illustrated 
again with reference to FIG. 8. If necessary for a more accurate 
tap weight control, the actual transduction strength of the tap 
can be calculated knowing the locations of. the nearest neighbors 
86, 88 of electrode #2 84. The width w 2 of electrode #2 84 can 
be increased or decreased to set the tap weight more precisely, 
and the corresponding reflectivity can be realized more precisely 
by adjusting the edge positions 96, 98, 100, 102 of the other two 
electrodes 86, 88. This is an iterative process that converges 
very rapidly, and, in fact, for some applications one iteratic((^ 
is sufficient. The result is that for the 3E/X structure 80, one 
can independently specify the transduction strength T and the 
reflectivity R for each tap. 

In an alternate embodiment of a tapered transducer, the 
3E/X structure 80, including line-width weighting, is 
incorporated as illustrated with reference to FIG. 9 illustrating 
a transducer pattern which is replicated in a thin conductive 
film on the SAW device substrate. As illustrated with reference 
to FIG. 10, a tapered SPUDT following the earlier described 
unbalanced split electrode geometry 81 is presented. 

The frequency sidelobes of the narrow channels 
determine the sidelobes in the tapered filter. What is needed 
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is a method of weighting the taps, which is the same for all 
channels. In other words, weighting the electrodes within a 
given wavelength along the SAW path. Apodization does not meet 
the criteria. One technique which has been suggested in the 
prior art is withdrawal weighting. This will work and is an 
improvement over no weighting, but it is rather coarse and 
produces frequency sidelobes which increase in magnitude farther 
from the mainlobe. As a result, the selectivity will deteriorate 
for moderately to wideband filters as the mainlobe is smeared out 
to these increasing sidelobes . 

There are three types of weighting that are used 
individually and in combination to provide improved frequency 
selectivity. They are series-block weighting, line-width 
weighting, and capacitive weighting. Series-block weighting and 
line-width weighting are herein described for preferred alternate 
embodiments of the present invention. 

Series subtransducers are described in the earlier 
references to Solie '008 and Solie '542 as a means of 
transforming the impedance of tapered transducers using strings 
of series connected transducers (called subtransducers) . Each 
subtransducer had the same number of electrodes, so the voltage 
is divided equally between the subtransducers, and the voltage 
at every tap is the same. Therefore, there is no tap weighting. 
The distinguishing feature of the present invention, as 
illustrated with reference to FIG. 11, using, by way of example, 
a non-tapered transducer, is that the number of taps or 
wavelengths in each subtransducer is varied so that the voltage 
applied to a string of transducers is divided in such a manner 
as to weight the taps with respect to each other. The relative 
tap weight is proportional to the relative voltage applied to the 
tap. With reference to FIG. 11, first note that the three 
subtranducers 110, 112, 114 are acoustically cascaded (share the 
same acoustic track or device aperture 116) and are electrically 
in series. If the impedance is dominated by capacitance, which 
is generally the case, the impedance of each subtransducer is 
inversely proportional to the number of the taps within that 
subtransducer. An equivalent circuit of this string of 
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subtransducers 110, 112, 114 is illustrated with reference to 
FIG. 12, where capacitors 118, 120, 122 , respectively, have 
values z lt z 2 and z 3 . Again with reference to FIG. 11, it can be 
seen that there are two taps in the first subtransducer 110, five 
5 and one-half in the second 112, and three in the third 114 An 
index "n" is the number of taps or wavelengths. There are two 
gaps per wavelength. If two adjacent fingers or electrodes are 
connected to the same bus bar, there is no voltage across that 
gap. Therefore, it is not counted as a gap for the purpose of 

10 counting taps per subtransducer. It follows, therefore that z 1 
= z 0 /2, z 2 = z 0 /5.5 and z 3 = z 0 /3, where z 0 is a tap impedance 
specified over one wavelength. The outer bus bars 115 are call$^, 
major bus bars. By way of example, if we define the voltage or c " 
tap weight across the major bus bars 115 as 1.0, then the tap 

15 weights in the three subtransducers 110, 112, 114 are: 
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25 Assuming all the tap electrodes or fingers are 

identical, the taps within a substransducer all have the same 
weight and are a block of taps of the same strength. For a 
preferred embodiment, there are be several strings in ^ 
transducer and usually they are constructed symmetrically about 

30 the center of a transducer. A string may consist of one 
subtransducer, in which case there is no voltage division and all 
taps in this string have a tap weight of unity. 

An advantage of block weighting is the uniformity of 
weighting across the SAW aperture and that it can be achieved 

35 with a single layer totalization . The disadvantages are that the 
taps cannot be individually weighted, and the possible tap weight 
values are somewhat limited (i) by the fact that the sum of the 
voltages across the subtransducers must be one, and (ii) by the 
constraints of setting the impedances by the number of taps. 
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Nonetheless, block weighting provides a useful technique for use 
in the present invention. 

A second technique used to weight the taps includes 
varying the width of the electrodes, as earlier described. This 
is referred to as line-width weighting. Within a line-width 
frequency range, as the electrode or finger width 84, w 2 (refer 
to FIG, 8) (in the direction of SAW propagation) is increased, 
the tap weight or transduction strength of the tap is increased. 
This is valid for the range where w/X (finger width to 
wavelength) is < .4, and for most practical examples where w/X 
< .25. The lower range of w/X is limited by the line width that 
can be fabricated both on the device and on the mask. For lower 
frequency devices, this range of w/X can be large enough to 
change the relative tap weight strength from 1.0 down to around 
0.5, whereas at higher frequencies the frequency range will be 
much more limited. In general, it can be said, that the range can 
not significantly approach zero and can only decrease somewhat 
from unity (relative tap weight) . This line-width weighting, 
however, is useful when combined with series -block weighting. 
Unlike line-width weighting techniques used in the past, limited 
because of limited tap weight range, when combined with series - 
block weighting, the achievable tap weight range is much broader. 

By way of example and with reference to FIG. 13, the 
line-width weighting of a 3E/X structure 124 is used with series - 
block weighting to implement a Hamming weighted function (which 
is a common weighting function for each channel of a tapered 
transducer). Again with reference to FIG. 13, consider the 
transducer 124 (non-tapered for simplicity in the illustration 
herein) consisting of a set of taps (nj or main subtransducer 
126 in the center that are directly connected to the primary (hot 
and ground) bus bars 128, 129 and a string of three 
subtransducers connected in a series symmetrically on each side 
130L, 132L, 134L, 130R, 132R, 134R of the main subtransducer 126. 
Electrically the circuit 136 of the subtransducers (representing 
a transducer by a capacitor) is as shown in FIG. 14. The three 
subtransducers (130L-134R) in series on each side of the center 
subtransducer 126 will divide the voltage between them by normal 
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voltage division. If the number of electrodes or fingers in the 
subtransducer is n x , n 2 , n 3 and n 4 , as illustrated with reference 
to FIG. 13, the relative voltage across the center substransducer 
is 1.0 (full strength), and on #2 is: 

l/n 2 



a 3 



1/n, + 


l/n 3 


+ l/n 4 


#4 is 






l/n 5 






l/n 2 + 


l/n 3 


+ l/n« 


1/n, 






l/n 2 + 


1/nj 


+ l/n 4 




i. 

A plot 140 of the tap weight that can be realized by 
20 block weighting is illustrated with reference to FIG. 15. This 
is an approximation to a Hamming function. Using line- width 
weighting as herein described, we can reduce the tap weight of 
each tap within a block or subtransducer by a factor of m x where 
1 a m x i 0.7 (the value of 0.7 is by way of example only) . As a 
25 result, the combined series-block weighting and line- width 
weighting combination 142 is as illustrated with reference to 
FIG. 16. 

As can be seen, combined series -block and line -width 
weighting 142 provides an improved approximation to a desired tap 

30 weight function. As a result, frequency sidelobes will be 

correspondingly lower. The frequency response of the tapere<l(^ 
transducer is derived from this non- tapered (narrow channel) 
response by "sliding 11 the non-tapered response over frequency 
channel by channel, as earlier described. A consequence of this 

35 process is that the better the selectivity of the narrow channel 
region, the better the selectivity of the tapered transducer. 

In a preferred embodiment of the present invention, a 
tapered SPUDT transducer is configured with four electrodes per 
wavelength, as illustrated with reference to FIGS. 1 and 1A, and 

40 improved further with series-block weighting, as illustrated with 
reference to FIG. 13. An alternate embodiment describes a 
tapered three electrode per wavelength geometry, as illustrated 
with reference to FIG. 8, which in turn is coarsely weighted 
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using series-block weighting techniques as herein described and 
finely weighted using line-width weighting techniques in 
combination with the block weighting. 

While specific embodiments of the invention have been 
5 described in detail herein above, it is to be understood that 
various modifications may be made from the specific details 
described herein without departing from the spirit and scope of 
the invention as set forth in the appended claims. 

Having now described the invention, the construction, 
10 the operation and use of preferred embodiments thereof, and the 
advantageous new and useful results obtained thereby, the new and 
useful constructions, methods of uise and reasonable mechanical 
equivalents thereof obvious to those skilled in the art, are set 
forth in the appended claims. 
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What iff TlfllT^ ed ia* 

1. A transducer for a surface acoustic wave device 
which includes an acoustic wave propagating substrate upon which 
the transducer is adapted, the transducer comprising: 

a pair of opposing bus bars formed on a substrate, 
each bus bar having a plurality of interdigitized electrode 
fingers extending therefrom, the widths of at least some fingers 
being different and selected as a function of the impedance of 
a cooperating load and/or source to produce mechanical electrical 
loaded reflected acoustic waves in the substrate for 
substantially canceling regenerated acoustic waves generated at 
the transducer, the interdigitized electrode fingers further 
having a tapered finger alignment wherein a periodicity of 
electrode fingers changes along a direction generally orthogonal 
to an acoustic wave axis of propagation through the transducer; 
and 

means for applying an electrical load and/or 
source across the bus bars. 

2. The transducer as recited in Claim 1, wherein at 
least one bus bar has at least two adjacent electrode fingers of 
different width extending therefrom within each acoustic 
wavelength along the propagation axis. 

3. The transducer as recited in Claim 1, wherein the 
tapered fingers are generally aligned along radially extending 
line segments emanating from a common focal point for forming 
linearly tapered electrodes. 

4. The transducer as recited in Claim 1, wherein the 
tapered fingers are generally aligned along hyperbolic line 
segments for forming hyperbolically tapered electrodes. 

5. The transducer as recited in Claim 1, wherein the 
tapered electrode fingers for at least one bus bar comprise 
finger pairs with each finger pair having a finger of narrow 
width and an adjacent finger of increased width, the finger 
widths dimensioned as fractional portions of its respective 
acoustic wavelength for a device having the transducer. 

6. The transducer as recited in Claim 1, wherein 
spacing of the electrode fingers along the axis of propagation 
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provides four fingers within a spacing having a length dimension 
equal to its respective acoustic wavelength for a device having 

the transducer. 

7. The transducer as recited in Claim 6, wherein 
first and third fingers have a width of 1/16 an acoustic 
wavelength and second and fourth fingers have a width of 3/16 the 
wavelength, and adjacent fingers are separated by a gap of 1/8 

the wavelength. 

8. The transducer as recited in Claim 1, further 
comprising subtransducers, each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 

the tapered transducer. 

9. The transducer as recited in Claim 8, further 
comprising subtransducers symmetrically positioned on each side 
of an interdigitized transducer finger set. 

10. The transducer as recited in Claim 8, further 
comprising a centralized set of transducer interdigitized fingers 
and a plurality of subtransducers on each side of the transducer 
finger set. 

11. The transducer as recited in Claim 6, further 
comprising subtransducers, each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 

the tapered transducer. 

12 • The transducer as recited in Claim 1, wherein 
three electrode fingers are distributed over a spacing of an 

acoustic wavelength. 

13. The transducer as recited in Claim 12, further 
comprising subtransducers , each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 
the tapered transducer. 
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14. The transducer as recited in Claim 1, further 
comprising three fingers per acoustic wavelength, wherein 
positions and widths of each finger are selected for 
independently providing desired reflection and transduction 
strengths for each tap within the transducer. 

15. The transducer as recited in Claim 14, further 
comprising subtransducers, each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 
the tapered transducer. 

16. A surface acoustic wave filter device operable- 
over a wide band of frequencies and adapted for coupling to 
source and/or load, the device comprising: 

an acoustic wave propagating substrate having a 
surface acoustic wave axis of propagation; 

a surface acoustic wave transducer having a pair 
of opposing bus bars formed on a substrate, each bus bar having 
a plurality of interdigitized electrode fingers extending 
therefrom, the widths of at least some fingers being different 
and selected as a function of the impedance of a cooperating load 
and/or source to produce mechanical electrical loaded reflected 
acoustic waves in the substrate . for substantially canceling 
regenerated acoustic waves generated at the transducer, the 
interdigitized electrode fingers further having a tapered finge^ 
alignment wherein a periodicity of electrode fingers changes 
along a direction generally orthogonal to the propagation axis; 
and 

means for applying an electrical load and/or 

source across the bus bars. 

17. The device as recited in Claim 16, wherein a rate 
of taper is selected for controlling a pass band shape and 
causing the SAW device to operate to within a desired frequency 
range . 

18. The device as recited in Claim 16, wherein the 
tapered electrode fingers for at least one bus bar comprise 
finger pairs with each finger pair having a finger of narrow 
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width and an adjacent finger of increased width, the finger 
widths dimensioned as fractional portions of a center frequency 
acoustic wavelength for the device. 

19. The transducer as recited in Claim 16, wherein 
spacing of the electrode fingers along the axis of propagation 
provides four fingers within a spacing having a length dimension 
equal to its respective acoustic wavelength for a device having 

the transducer. 

20. The transducer as recited in Claim 16, further 
comprising subtransducers, each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 
the tapered transducer. 

21. The device as recited in Claim 16, wherein the 
transducer further comprising three electrode fingers per 
acoustic wavelength, wherein finger positions and finger widths 
are selected for independently providing desired reflection and 
transduction strengths for each tap within the transducer. 

22. The transducer as recited in Claim 21, further 
comprising subtransducers , each subtransducer having fingers 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 

the tapered transducer. 

23. A SPUDT SAW filter operable over a wide band of 
frequencies and adapted for coupling to a source and/or load, the 

filter comprising: 

an acoustic wave propagating substrate having a 

surface acoustic wave axis of propagation; 

input and output surface acoustic wave 
transducers, each transducer having a pair of opposing bus bars 
formed on a substrate, each bus bar having a plurality of 
interdigitized electrode fingers extending therefrom, the widths 
of at least some fingers being different and selected as a 
function of the impedance of a cooperating load and/or source to 
produce mechanical electrical loaded reflected acoustic waves in 
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the substrate for substantially canceling regenerated acoustic 
waves generated at the transducer, the interdigitized electrode 
fingers further having a tapered finger alignment wherein a 
periodicity of electrode fingers changes along a direction 
5 generally orthogonal to the propagation axis; 

means for applying an electrical load and/or 
source across the bus bars . 

24. The transducer as recited in Claim 23, wherein 
spacing of the electrode fingers along the axis of propagation 

10 provides four fingers within a length dimension equal to a center 
frequency acoustic wave wavelength for a device having the 
transducer. 

25. The transducer as recited in Claim 24, further 
comprising subtransducers, each subtransducer having fingers 

15 interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series -block weighting of 
the tapered transducer. 

26. The transducer as recited in Claim 23, further 
20 comprising three fingers per acoustic wavelength, wherein 

positions and widths of each finger are selected for 
independently providing desired reflection and transduction 
strengths for each tap within the transducer. 

21. The transducer as recited in Claim 23, further^., 

25 comprising subtransducers, each subtransducer having fingersJ^ 
interdigitized with opposing subtransducer bus bars wherein a 
number of taps in each subtransducer varies, the subtransducers 
electrically connected for providing series-block weighting of 
the tapered transducer. 

3 0 28. The transducer as recited in Claim 27, wherein 

positions and widths of each finger are selected for 
independently providing desired reflection and transduction 
strengths for each tap within the transducer. 
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